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Abstract 8 
This work presents a palaeoenvironmental interpretation of the Upper Pleistocene-Holocene 9 
sedimentary sequence recorded in the Valsalada saline wetland system (Monegros, Central Ebro 10 
Basin). This morphosedimentary system developed on karstified, gypsiferous bedrock and was 11 
mainly fed by local saline groundwater. Based on geomorphological, sedimentological, 12 
palynological and radiocarbon data, three depositional units have been differentiated: 1) a 13 
lacustrine unit, which accumulated under cold/cool and humid environmental conditions at 41-40 14 
kyr cal BP, 2) a fluvial unit that was deposited under arid climatic conditions with cold episodic 15 
periods from 14 to 3.5 kyr cal BP, and 3) an alluvial slope unit associated with arid climate with 16 
human influence during the Late Roman Period (1.5 kyr cal BP). The morphosedimentary 17 
evolution of the Valsalada system is strongly influenced by the geomorphic setting (small 18 
catchment with karstic depressions and low gradient slopes on gypsum), the hydrological 19 
availability (runoff and groundwater discharges) related to climate variability during the Late 20 
Pleistocene-Holocene, and the human activities developed in the area during historical times. 21 
The response of the Valsalada system displays a low sensitivity to short term climatic changes 22 
but responds to major long-term climatic conditions, improving the regional paleoenvironmental 23 
picture of the Late Quaternary in NE Spain. 24 
Key words: lacustrine/fluvial/alluvial records, saline wetlands, environmental change, Upper 25 
Pleistocene-Holocene, Central Ebro basin. 26 
1. Introduction 27 
The Ebro Basin, the northernmost semiarid region in Europe, is an area with high sensitivity to 28 
environmental change that contains excellent morphosedimentary records in response to 29 
Quaternary climate oscillations. The paleoenvironmental history of this area during the Late 30 
Pleistocene and Holocene has been gradually reconstructed during the last decades from fluvial 31 
(Fuller et al., 1998; Macklin et al., 2002; Thorndycraft and Benito, 2006; Lewis et al., 2009), 32 
lacustrine (Valero-Garcés et al., 2000a, 2000b, 2004; González-Sampériz et al., 2005; 2008; 33 
Morellón et al., 2008, 2009), slope (Gutiérrez and Peña, 1998; Gutiérrez et al., 1998, 2006; 34 
Valero-Garcés et al., 2004; González-Sampériz et al., 2005) and alluvial (Gutiérrez and Peña, 35 
1998; Peña et al., 2000, 2004; Andres et al., 2002; Sancho et al., 2008a) records. Nevertheless, 36 
the available data are still insufficient to construct a consistent paleoclimatic interpretation. 37 
Saline wetlands on gypsiferous bedrock from Los Monegros (Central Ebro Basin) are in a 38 
geological and geomorphological setting that favours the record of a well preserved Late 39 
Pleistocene and Holocene lacustrine-fluvial-alluvial slope sedimentary sequence (Sancho et al., 40 
2007). According to the current knowledge of hydrological and geomorphic processes that occur 41 
in saline wetlands (Sánchez et al, 2001), playa-lakes (Samper-Calvete and García-Vera, 1998; 42 
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Castañeda and García-Vera, 2008) and gypsiferous slopes (Desir et al., 1995), the Valsalada 43 
saline wetland dynamics during the Late Pleistocene and Holocene were controlled by changes 44 
in groundwater discharges feeding the endorheic depressions along with changes in runoff and 45 
sediment yield supplied from the gypsiferous slopes. Consequently, the morphosedimentary 46 
response of this system to climate oscillations shows some differences from the response 47 
observed in playa lakes (Stevenson et al., 1991; Davis, 1994; Valero-Garcés et al., 2000a, 2000b, 48 
2004; González-Sampériz et al., 2008) and normal alluvial systems (Peña et al., 2004; Sancho et 49 
al., 2008a) in the Central Ebro Basin. 50 
This study aims to provide new data on prevailing environmental conditions during the Late 51 
Pleistocene and Holocene times at a regional scale. The palaeoenvironmental interpretation is 52 
based on geomorphological, sedimentological, palynological and chronological analyses from 53 
morphosedimentary records in saline wetland areas near Zaragoza (Central Ebro Basin). 54 
2. Study area 55 
The study area is located near the Leciñena village (Zaragoza province) in the western sector of 56 
the Los Monegros district (Central Ebro Basin) (Figure 1). The elevation ranges between 460 m 57 
and 350 m, and the climate is semiarid with strong seasonal contrasts and a high water deficit 58 
during summer. The mean annual temperature is 14.5 ºC, and the mean annual precipitation is 59 
400 mm. Saline wetlands (the Valsalada system) consist of two depressions (Siscal and 60 
Valsalada) drained by the Arroyo Salado (Figures 1 and 2). 61 
The bedrock lithology of this sector of the Tertiary Ebro Basin is composed mainly of nodular 62 
and massive gypsum including clays, marls and sandstones (Zaragoza Formation). These 63 
materials were deposited in extensive and shallow lacustrine systems with evaporitic 64 
environments corresponding to the Miocene tectosedimentary unit UTS5 (Muñoz et al., 2002). 65 
Geomorphologically, the Valsalada saline wetland system is located in the western piedmont of 66 
the Alcubierre Range, which is the highest central limestones platform in the Ebro basin. This 67 
piedmont connected the Alcubierre Platform with the the Gállego River, an important Pyrenean 68 
tributary of the Ebro River, with the development of several alluvial-slope stepped levels during 69 
the Quaternary (Benito, 1989; Gutiérrez and Peña, 1994; Benito et al., 2000) (Figure 1). 70 
Subsequent downcutting of the drainage network favoured the development of wide karstic 71 
depressions with saline wetlands controlled by local groundwater discharges and the occurrence 72 
of flat-bottomed alluvial-infill valleys (Figure 3a). These geomorphic features are common on 73 
Oligocene-Miocene gypsum formations outcropping in the Central Ebro Basin (Gutiérrez and 74 
Gutiérrez, 1998). 75 
The Valsalada saline wetlands (Figure 2) are fed by regional groundwater flows from Tertiary 76 
bedrock. The low permeability of the bedrock favours a slow flux of water with a long residence 77 
time (Sánchez et al., 2001). Consequently, the supplied water shows a high dissolved content, 78 
with conductivity values reaching up to 50 dS/m and pH values of 8.7. The mean chemical 79 
composition of the groundwater is dominated by chlorides (8,500 mg/L), sulphides (6,900 mg/L) 80 
and sodium (10,300 mg/L). Currently, vegetation cover in these saline wetlands is dominated by 81 
Phragmites communis, Suaeda vera, Salicornia ramossissima and Tamarix canariensis (Braun-82 
Blanquet and de Bolòs, 1957; Peinado-Lorca and Rivas-Martínez, 1987). The surrounding area is 83 
dominated by a steppe vegetation (covering less than 50% of the area in regional terms), leaving 84 
small patches of isolated Pinus halepensis, Quercus coccifera, Juniperus thurifera, Rhamnus 85 
lycioides, Rosmarinus officinalis, Ephedra fragilis, Pistacia lentiscus, Phillyrea angustifolia, and 86 
dry agriculture land use. As in the nearby Alcubierre Range, mesophytes in the region are 87 
restricted to particularly humid canyons (Blanco et al., 1997). 88 
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3. Material and methods 89 
Geomorphological mapping, based on 1:18,000 scale aerial photographs and 1:5,000 scale 90 
orthophotos, allowed differentiation of several stepped morphogenetic surfaces. Mapped 91 
morphosedimentary units were extensively field checked, and geomorphic and stratigraphic 92 
relations were established. Stratigraphic and sedimentological descriptions as well as sampling 93 
for mineralogy, pollen content, and radiocarbon analysis were made in selected outcrops exposed 94 
in gully scarps. 95 
The salt composition within the sediments was determined from mineralogical analysis of saline 96 
efflorescences using powder X-ray diffraction (Phillips PW 1729 diffractometer). Pollen analysis 97 
followed the standard procedure described by Moore et al. (1991) and Dupré (1992). A chemical 98 
treatment of HF, HCl and KOH and mineral separation in heavy liquid (Thoulet: density 2.0) 99 
was used. Lycopodium clavatum tablets were added to calculate the pollen concentration 100 
(Stockmarr, 1971) and to test for the possible sterility of the sediment. A minimum of 250 pollen 101 
grains per sample was established as a representative result. Thus, a smaller number of pollen 102 
grains is considered to be a sterile sample, and therefore, only the presence of the different taxa 103 
is mentioned. Results are plotted and expressed in relative percentages, excluding spores and 104 
hydro-hygrophytes from the pollen sum. The diagrams were constructed using the Psimpoll 105 
(Bennet, 2002) and Corel Draw programmes. Radiocarbon dating was performed on charcoal 106 
samples by the Radiocarbon Laboratory of the Department of Geography at the University of 107 
Zurich. The accelerator mass spectrometer (AMS) used in this study is the tandem accelerator at 108 
the Institute of Particle Physics at the Swiss Federal Institute of Technology Zurich (ETH). 109 
Radiocarbon dates were calibrated using the CalPal software, which uses the most up-to-date 110 
data set, the INTCAL04curve (Reimer et al., 2004). The CALPAL2001 curve was also used for 111 
the two oldest dates (Lacustrine Unit), as they were outside the limits of the previous calibration 112 
curve (dates before 22,000 yr). The CalPal software combines the different available approaches 113 
to calibrate 14C ages, such as speleothems, corals or varved sediments data 114 
(http://www.calpal.de) (Table 1). 115 
4. Results 116 
Based on field studies, three morphosedimentary units that are related to different depositional 117 
environments can be clearly identified in the Quaternary record of the Valsalada saline wetlands 118 
system (Figure 2). Morphostratigraphic relationships between them (Figure 3) allow the 119 
establishment of a sedimentary sequence made up of a lacustrine stage (the oldest), a fluvial 120 
phase (the intermediate) and an alluvial slope period (the youngest). 121 
4.1 Lacustrine unit 122 
The lacustrine sedimentary unit has mainly been recognised in small outcrops exposed by 123 
incision of the Arroyo Salado (Figure 3b). Only the upper portion (1 m thick) of this unit was 124 
exposed (Figure 4 and 5a). It consists of an alternation of massive ochre and gray mudstones as 125 
well as marls, which are arranged in centimetre-thick tabular beds with some plant remains and 126 
lenticular gypsum crystals. These sediments indicate a lacustrine environment. The unit ends 127 
with a 7 cm thick peaty tabular level, which may represent the final filling up of the lake (Figure 128 
5b). 129 
A sample (BSB1) from the upper peat level of this lacustrine unit was taken for pollen analysis 130 
and resulted in 361 pollen and spore grains of 29 different taxa, which is considered statistically 131 
significant (Figures 4 and 5b). The pollen spectrum contains high amounts of aquatic 132 
(Ranunculaceae, Ruppia, Potamogeton, Myriophyllum) and hygrophitic taxa (Cyperaceae, 133 
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Typha) and ferns taxa (Pteridophyta trilete and monolete, Asplenium, Botrychium) with wide 134 
variability (Figure 6). The presence of this ensemble reinforces the sedimentary interpretation 135 
and indicates a steady palustrine and lacustrine environment with a brackish character. The 136 
BSB1 sample indicates that the general vegetation landscape was dominated by herbs (mainly 137 
Poaceae) and shrubs (Fabaceae, Lamiaceae, Rhamnus, Rosaceae), with a limited arboreal 138 
component including pines (40%), isolated Juniperus along with a regional presence of 139 
deciduous trees (Corylus, Alnus, Salix). 140 
Two radiocarbon dates were obtained from the peat level of this unit (Figure 5b), providing ages 141 
of 41,190±210 cal BP (sample VS-04) and 40,160±920 cal BP (sample VS-06) (Table 1). 142 
4.2 Fluvial unit 143 
The fluvial sedimentary unit outcrops extensively along the bank scarps of the Arroyo Salado 144 
(Figure 3a) and in small outcrops corresponding to a lacustrine terrace in the Siscal depression. 145 
This unit reaches a maximum thickness of 4 m (Figure 4) and overlies the earlier lacustrine unit 146 
on an erosive contact (Figure 3b). The lower and the upper portion of the fluvial unit consist of 147 
grey gravels and grey and ochre sands with lenticular geometries (Figure 4). The gravels present 148 
cross bedding, imbricated clasts and internal erosional surfaces (Figure 5c). Current ripples are 149 
common in the sandy beds. These sedimentological facies are interpreted as small channel infill 150 
with an erosive base and bars deposited by a braided system. The middle part of the unit is 151 
dominated by massive brown and grey muds that are usually arranged in centimetre to decimetre 152 
tabular beds with abundant vertical root bioturbation, parallel lamination and mud cracks (Figure 153 
5d). They intercalate ochre sands organised in centimetre tabular levels with abundant current 154 
ripples. This mud-sand set can be interpreted as an alluvial plain crossed by small fluvial 155 
channels. 156 
White salt efflorescences often occur on the surface of the outcrops of this unit Figure 3a), 157 
mainly due to water evaporation and crystallisation of soluble salts extracts from the sediments 158 
during the spring (Figure 5d). Subsequent runoff can flush these salt crystals down the slope to 159 
the valley bottom. Halite (NaCl), thenardite (Na2SO4), and bloedite (Na2Mg(SO4)2.4H2O) are the 160 
main mineral phases detected in this unit, though minor amounts of epsomite (MgSO4.7H2O) and 161 
hexahydrite (MgSO4.6H2O) are seen. The occurrence of these salts inside the fluvial deposits 162 
indicates that the hydrochemical features of the runoff that fed the alluvial system were similar to 163 
the present groundwater discharge. 164 
Radiocarbon dated charcoal samples are associated with fires (Figure 5e) that affect the 165 
vegetation cover of the alluvial plain.  These fires also burned the deposits just below the 166 
charcoal level, which is indicated by the occurrence of red colouring in the fine sediments. 167 
Samples taken at different sites of this unit have provided calibrated ages with 2 sigma 168 
uncertainties of 12,550±150, 6290±70 and 3460±60 cal BP, in the Arroyo Salado alluvial infill, 169 
and 14,360±220 cal BP in the Siscal lacustrine terrace (Table 1). 170 
A sample (BSC3) (Figure 4) corresponding to the fire level dated at 12,550±150 cal BP 171 
(Younger Dryas event) was taken to determine pollen content. The number of pollen and spore 172 
grains was not large enough to be statistically significant and, consequently, only qualitative 173 
information rather than proportions can be derived from the identified taxa (Figure 6). The poor 174 
preservation of palynomorphs could be related to oxidation processes associated with frequent 175 
air exposure of the Valsalada fluvial records due to the arid conditions. Conifers (Pinus and 176 
Juniperus) are the only noticeable arboreal component. Neither deciduous trees nor aquatic taxa 177 
associated with moisture-rich conditions have been observed, in contrast to the BSB1 pollen 178 
sample from the lacustrine unit. Nevertheless, steppe herbaceous taxa such as Artemisia, 179 
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Chenopodiaceae or the heliophyte Helianthemum, have been identified. In addition, this sample 180 
contains many microcharcoal remnants as well as Asphodelus, which indicate the occurrence of 181 
fire events affecting vegetation cover from the saline wetlands system. 182 
4.3 Alluvial slope unit  183 
A morphosedimentary, alluvial slope unit occurs as a coalescing, small alluvial fan system 184 
entering the bottom valley of the Arroyo Salado from the surrounded boundary gypsiferous relief 185 
(Figure 3a). This unit covers the preceding fluvial unit, that was clearly incised during a previous 186 
erosion stage (Figure 3c), and develops a well-preserved, gentle slope, morphogenetic surface. 187 
This unit represents the final sedimentary stage in the evolution of the Valsalada system, prior to 188 
an intensive period of entrenchment lasting to the present. The resulting scarps show excellent 189 
exposures of this unit that are clearly identified by the silty-sandy gypsiferous nature of the 190 
deposits (Figure 5f). 191 
Outcrops of the alluvial unit exceed 3 m in thickness (Figure 4). The unit is constituted by a 192 
heterolytic set of silts-sands, breccias and ochre sandstones that are poorly cemented by gypsum. 193 
These facies are arranged in irregular beds with lenticular geometries and they present vertical 194 
bioturbation and dispersed gypsum clasts (Figure 5g). The gypsiferous nature of the sediments 195 
points to the closest relief as the only source area resulting in a short transport. Geomorphologic 196 
and sedimentary features indicate that this unit could correspond to small lateral alluvial fans. 197 
Inside the alluvial slope unit, a small fireplace has been identified (Figure 5f). Charcoal remnants 198 
have provided a calibrated age of 1540±80 cal BP (~ 410 AD; sample VS-02) (Table 1; Figure 199 
4), indicating that this unit was synchronous with the Late Roman period (V century). 200 
5. Discussion 201 
According to the geomorphic, sedimentary, palynological and chronological data, three 202 
morphosedimentary units (lacustrine, fluvial and alluvial slope) can be differentiated in the 203 
Valsalada saline wetlands system. Data presented here complement and reinforce the available 204 
paleoenvironmental scenery for the Central Ebro Basin during the Late Pleistocene and 205 
Holocene. 206 
5.1 The Late Pleistocene lacustrine stage 207 
Very low salinity lacustrine environments occupying karstic depressions on gypsum bedrock 208 
occur in the Central Ebro Basin during the Late Pleistocene (about 40 ka). The occurrence of 209 
these lacustrine systems is indicative of a period of increased water availability (runoff and/or 210 
groundwater discharges) at regional scale. Pollen assemblages show prevailing aquatic taxa 211 
(Ranunculaceae, Ruppia, Potamogeton, Myriophyllum) and hygrophytes (Cyperaceae, Typha), 212 
which indicates permanent palustrine and lacustrine environments with brackish water. The 213 
occurrence of Potamogeton and Myriophyllum provide support for a period of positive 214 
hydrological balance. In addition, Cyperaceae and Typha colonised a marginal belt of the lake. 215 
Seasonal hydrological fluctuations in the lake could probably be significant. 216 
In this unit, the dominant arboreal pollen is Pinus nigra-sylvestris type (40%), which is currently 217 
located at higher altitudes, indicating that temperatures would be cool or even cold. In addition, 218 
the pollen record includes grasses (Poaceae), other herbs (Liliaceae, Urticaceae, Carduae and 219 
Asteroideae), shrubs (Fabaceae, Lamiaceae, Rhamnus, Rosaceae) and isolated junipers, 220 
indicating a very open landscape. The presence of Corylus, Alnus and Salix demonstrates the 221 
existence of riparian formations and refugial areas in the region (González-Sampériz et al., 2004, 222 
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2005). Although the dominant arboreal pollen (Pinus nigra-sylvestris and Juniperus sp.) is 223 
normally associated with generally dry conditions, no typical steppe taxa such as Artemisia, 224 
Cichorioideae, Chenopodiaceae or Rumex, have been identified. In contrast, the large proportions 225 
of ferns and hydro-hygrophytes indicate local moisture-rich conditions. 226 
Although numerical ages from Late Pleistocene records in the Ebro Basin are still scarce, it is 227 
possible to establish a close correlation between the lacustrine record (41.2±0.2 and 40.2±0.9 ka 228 
cal BP) from Valsalada and other regional morphoestratigraphic sequences. Sancho et al. (2004) 229 
and Lewis et al. (2009) reported a phase of glacier advance, evidenced by a terminal moraine at 230 
Senegüé (Gállego River valley, Central Pyrennes), at 36±3 ka using optically stimulated 231 
luminiscence (OSL). The top of the lacustrine unit from Valsalada is slightly chronologically 232 
delayed with relation to the terrace levels identified in the Gállego River (45±3 ka) and the Cinca 233 
River (47±4 ka) valleys (Northern Ebro Basin). Both valleys were also dated by OSL (Sancho et 234 
al., 2004; Lewis et al., 2009). Correlation between glacial phases and terraces indicates a strong 235 
increase in water discharge and in sediment availability related to the transition to deglaciation. 236 
The same conditions can be observed in areas nearby to Valsalada, for instance the San Juan de 237 
Mozarrifar record (Valero-Garcés et al., 2004; González-Sampériz et al., 2005). This area 238 
underwent strong episodes of deglaciation water discharges in a general open landscape 239 
dominated by pines, while mesothermophytes occurred in regional refugial areas. 240 
Fuller et al. (1998) and Macklin et al. (2002) reported a large-scale valley floor aggradation 241 
period between 39 and 36 ka in the Guadalope River valley (Southern Ebro Basin). This 242 
coincided with stadial or neoglacial events characterised by a steppe vegetation cover and an 243 
increase in winter storm frequency. Finally, Gutiérrez et al. (2006) provided a radiocarbon age of 244 
35,570±490 for a triangular slope facet development stage in the Central Ebro Basin, indicating 245 
that accumulation periods on the slopes correspond to cold environmental conditions. 246 
Using the lacustrine unit in Valsalada it is possible to infer an environmental context for the 247 
Central Ebro Basin for this time period. The environment was characterised by a cool-cold 248 
climate with relatively wet conditions in the area. The moisture availability could be associated 249 
with an increase in precipitation and/or a decrease in evaporation. The paleoclimatic conditions, 250 
included in the MIS 3 period (around 49-26 ka BP), should be evaluated with caution because 251 
the chronological uncertainties associated with this period and the well-known complexity of this 252 
interstadial (i.e., see the Area Longa sequence, in NW Spain, by Gómez-Orellana et al., 2007). 253 
However, in general terms, conditions similar to those seen in the Central Ebro Basin are well 254 
constrained in other palaeoclimatic Iberian sequences (with cold but more arid conditions around 255 
40 ka BP), such as Fuentillejo maar-lacustrine record in Central Spain (Vegas et al., 2010) or 256 
Boquete de Zafarraya (Lebreton et al., 2003) and the Carihuela (Carrión, 1992; Fernández et al., 257 
2007) caves in Southern Iberia, among others. Marine records indicate similar conditions with 258 
cold deep-water temperatures occurring during the Heinrich Event 4 (39-40 ka BP) in the North-259 
Atlantic, just in front of southwest Europe (Sánchez-Goñi et al., 2000) and in the western 260 
Mediterranean Sea (Fletcher and Sánchez-Goñi, 2008; Cacho et al., 2006; Frigola et al., 2008). 261 
5.2 The Late-glacial and Early-Mid Holocene fluvial phase 262 
The next morphosedimentary stage took place approximately between 14.4 and 3.5 ka cal BP 263 
and represents the replacement of lacustrine environments by fluvial systems. It is possible to 264 
differentiate two sections in the new fluvial sequence. The bottom of the sequence is older than 265 
the ages indicated for the lacustrine sequence and is composed of gravels linked to fluvial 266 
channels. This suggests a highly active phase of morphodynamic processes that was climatically 267 
controlled. Similar sedimentary activity signals, associated with climate fluctuations have been 268 
recognised in infilled valleys near Zaragoza city (Andres et al., 2002) from 17,765-15,440 269 
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(Mystery Interval) to 13,140-12,650 cal BP (Intra Allerod Cold Period or IACP-beginning of the 270 
Younger Dryas), and in Bardenas Reales of Navarra from 20.6±0.9 (Last Glacial Maximum) to 271 
13.9±1.4 ka (Older Dryas) using OSL (Sancho et al., 2008b). Similarly, using luminescence, 272 
Fuller et al. (1998) reported a fluvial aggradational phase in the Guadalope River valley at 19-16 273 
ka (Mystery Interval) and Lewis et al. (2009) identified a terrace of the Cinca River at 11 ± 1 ka 274 
(Younger Dryas). Evidence of alluvial deposition by fluvial channels in Valsalada is clearly 275 
indicative of increasing water discharge and sediment availability during some episodes of the 276 
Late-glacial period. This stage could have occurred at regional scale and is probably related to 277 
cold conditions. 278 
Most of the fluvial sequence is composed of fine sediments deposited in floodplain 279 
environments. Sands and muds are characterised by common bioturbation features, evidence of 280 
fire and salt cements. Pollen amounts in the sample correspond to the 12,550±150 cal BP 281 
moment (BSB3) were not statistically significant. Nevertheless, the observed pollen record 282 
points to drier environmental conditions than the previous lacustrine unit required because 283 
neither deciduous trees nor aquatic plants have been observed. In addition, there is clear 284 
evidence of the presence of conifers (Pinus and Juniperus) as the only arboreal component in the 285 
landscape alongside steppe herbs like Artemisia or Chenopodiaceae, which were not recorded in 286 
the previous lacustrine unit. This pollen ensemble clearly implies cold and arid conditions, which 287 
could likely be correlated with the Younger Dryas period that is widely recognised in many 288 
terrestrial records throughout the Iberian Peninsula (Montserrat, 1992; Jalut et al., 1992; Pérez-289 
Obiol and Julià, 1994; Allen et al., 1996; Peñalba et al., 1997; Carrión, 2002; Vegas et al., 2003; 290 
Morellón et al., 2008, 2009; Moreno et al., 2009; between many others). 291 
In addition, the abundance of microcharcoal remnants indicate that fires occurred. This is 292 
confirmed by the presence of Asphodelus, a plant usually associated with fire events (Jalut, 1991; 293 
García-Ruiz et al., 2001; González-Sampériz, 2004). The red colouring of fine sediments just 294 
below the fire level further supports this. Commonly occurring wildfires in the Central Ebro 295 
Basin during the Early Holocene has been proposed by Davis and Stevenson (2007), suggesting 296 
that a change in seasonal aridity is the main factor controlling these fire events. Linstädter and 297 
Zielhofer (2010) indicate that local fire recurrences in other Western Mediterranean areas are the 298 
consequence of short-term changes in humidity during the Middle and Late Holocene periods. 299 
Salt crystallisation in the porous system of fluvial sediments indicates that hydrochemical 300 
characteristics of the runoff were similar to the present-day characteristics. The Valsalada system 301 
was likely fed by saline groundwater inputs rather than by runoff derived from the drainage area. 302 
This may be interpreted in terms of low rainfall rates and a negative water balance under arid 303 
conditions. In this hydrodynamic context, alluvial activity is characterised by very low 304 
sedimentation rates, resulting in condensed but continuous stratigraphic sequences, as evidenced 305 
by supplied chronological data (Table 1). In fact, marked erosional features have not been 306 
recognised. Despite a sparce vegetation cover under arid conditions, sediment supply from 307 
gypsiferous hillslopes should be low, as it has been observed today in experimental plots of the 308 
semiarid Ebro Basin (Desir et al., 1995). 309 
In general terms, Holocene alluvial sedimentary dynamics in semiarid regions is activated under 310 
enhanced arid conditions favouring high rates of alluviation (Waters and Haynes, 2001; Faust et 311 
al., 2004; Peña et al., 2004; Sancho et al., 2008a). Undoubtedly, the differential response of the 312 
Valsalada alluvial system, characterised by low sedimentation rates, was controlled by the small 313 
size of the endorheic catchment, the low slope gradients and the feeding of the system by a slow 314 
groundwater flux with high salinity. 315 
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It is clear that pollen, salts, fires and sedimentary features indicate prevailing dry climate 316 
conditions during the Younger Dryas (pollen data) and during different episodes of the Early and 317 
Middle Holocene in the Valsalada area. Hovewer, the stratigraphic sequence also indicates that 318 
this alluvial system is not sensitive enough to record and preserve the millennial- to centennial-319 
scale climatic variability during the Late Pleistocene and Holocene in northeast Iberia that is 320 
usually provided by regional lacustrine (Pérez-Obiol and Julià, 1994; Valero-Garcés et al., 321 
2000a, 2000b, 2004, 2008; Morellón et al., 2008, 2009), fluvial (Rico et al., 2001; Thorndycraft 322 
and Benito, 2006; Benito et al., 2008), alluvial (Peña et al., 2004; Sancho et al., 2008a) or pollen 323 
archives (Jalut et al., 1992; Montserrant, 1992; Stevenson, 2000; González-Sampériz et al., 2005, 324 
2006, 2008), as well as Mediterranen marine records (Cacho et al., 2006; Frigola et al., 2008; 325 
Melki et al., 2009) and global sources (Mayewski et al., 2004). 326 
Palaeoenvironmental information available for northeast Spain clearly shows cold and arid 327 
conditions related to the YD, a more positive water balance in the lakes and an increase in forest 328 
formations during the Early Holocene, and more arid conditions for the Middle Holocene. These 329 
do have some fluctuations, though the fluvial Valsalada record does not provide complete and 330 
continuous palaeoclimatic information for the Late glacial and Early-Mid Holocene periods. 331 
5. 3 The Late Holocene alluvial slope period 332 
The Late Holocene alluvial slope unit (1540±80 cal BP) represents a period of high alluvial 333 
activity and is reported in different sectors of the Central Ebro Basin (Peña et al., 2000, 2004; 334 
Sancho et al., 2008a). This regional stage of accumulation is Late Roman in age, and is 335 
controlled by denudation of surrounding slopes mantled with gypsiferous silts that were 336 
activated under dry and warm conditions typical of the Subatlantic period. This is a fragile 337 
semiarid environment and the high density of Roman settlements around Zaragoza city (former 338 
Caesaraugusta), as well as in the rest of the Central Ebro Basin, and the resulting human action 339 
(mainly overgrazing, agriculture and deforestation) could trigger and enhance the intensity of 340 
erosive processes in a very open vegetation landscape (González-Sampériz and Sopena, 2002; 341 
González-Sampériz, 2004; Peña et al., 2004; Sancho et al., 2008a). Human influence on alluvial 342 
system dynamics has also been reported in other semiarid areas (Gonzalez, 2001; Faust et al., 343 
2004; Zeilhofer and Faust, 2008; Zielhofer et al., 2008). 344 
6. Conclusions 345 
The Valsalada saline wetlands area contains an exclusive depositional sequence composed of 346 
three sedimentary units depositing during the Late Pleistocene and Holocene. The Valsalada 347 
record shows the first well-dated paleoclimatic information using pollen results for 40 ka BP and 348 
the Younger Dryas event in the lowlands of the central Ebro Basin. Several palaeoenvironmental 349 
stages can be inferred from this detailed study and are supported by radiocarbon dating as well as 350 
by including geomorphological mapping, stratigraphic and sedimentological descriptions, pollen 351 
studies and mineralogical analysis: 352 
- A lacustrine/palustrine phase at 41,190±210/40,160±920 cal BP developed on a karstic 353 
depression on gypsiferous bedrock. The pollen record indicates wet and cool-cold climate 354 
conditions that reinforce the paleoclimatic regional scenery at this time, characterised by 355 
deglacial melwater pulses and high moisture availability. 356 
- A fluvial period related to the Late glacial period, accompanied by the deposition of gravels, 357 
has been identified previous to the general fluvial stage that deposited the fine sediment 358 
sequences (from 14,360±220 to 3460±60 cal BP). This last phase, spanning from YD/Holocene 359 
transition to Middle/Late Holocene, is characterised (with some fluctuations) by episodic cold 360 
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periods and a general trend toward well established arid conditions during the Middle Holocene. 361 
Conifers and steppe pollen assemblages during the Younger Dryas, periodic wild fire remnants 362 
and ubiquitous salt masses within the sediments are evidence of arid conditions. This alluvial 363 
system is characterised by low sedimentation rates, giving rise to slow rate sedimentation-364 
sequences fed by saline groundwater discharges in the karstic depressions of Valsalada. The 365 
response of the Valsalada alluvial system is quite different from the observed response at a 366 
regional scale and shows a low sensitivity to short-term (centennial-millennial) climatic changes. 367 
Nevertheless it provides interesting punctual data to complete the available regional 368 
paleoenvironmental information. The main factors driving the fluvial activity in the Valsalada 369 
saline wetlands are proposed to include the geomorphic configuration of the system, which is 370 
characterised by karstified gypsiferous bedrock, the small size of the catchment, and a low but 371 
continuous saline groundwater discharge. 372 
- Along the Arroyo Salado, an important alluvial slope stage has been recognised during Late 373 
Roman Period (1540±80 cal BP). This is a well-documented regional sedimentary phase 374 
characterised by a thick gypsiferous silty sequence under dry and warm conditions. In this fragile 375 
scenery, human action could increase the intensity of erosive processes on slopes and the 376 
subsequent accumulation in the valleys. 377 
The palaeoenvironmental information derived from a three stage lacustrine, fluvial and alluvial 378 
infill in Valsalada (Central Ebro Basin) substantially improves the incomplete regional 379 
palaeoclimatic record for northeast Spain during the Late Pleistocene and Holocene. 380 
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Figure captions 609 
Figure 1. Location and geomorphological map of the Valsalada saline wetland system. 610 
Figure 2. Oblique aerial photograph of the Valsalada saline wetlands near Leciñena (Central 611 
Ebro Basin).  612 
Figure 3. Field pictures of the Arroyo Salado infilled valley. Geomorphic setting (a) and field 613 
relationships between the lacustrine unit overlaid by the fluvial unit (b), and the alluvial slope 614 
unit overlaying the fluvial unit (c). 615 
Figure 4. Stratigraphic profiles (see location in figure 1) corresponding to the 616 
morphosedimentary units in the Valsalada area. Location of pollen and some radiocarbon 617 
samples are indicated in the profiles. 618 
Figure 5. Sedimentary characteristics of the differentiated units. Lacustrine unit: upper section 619 
composed of massive and grey marls (a) and detail of the peat level at the top of the unit and 620 
sampled for pollen analysis (BSB1) and radiocarbon dating (41,190±210 and 40,160±920 cal 621 
BP) (b). Fluvial unit: gravels showing cross-bedding and imbricated clasts at the bottom of the 622 
unit (c), laminated sediments affected by desiccation and bioturbation processes and small white 623 
saline masses (d) and charcoal level (14,360±220 cal BP) associated with in situ fires burning the 624 
sediments just below (e). Alluvial slope unit: silty gypsiferous sediments, including a small 625 
fireplace from the Late Roman Period (1540±80 cal BP) (f) and dispersed gypsum clasts filling a 626 
small channel (g). 627 
Figure 6. Palynological record obtained in lacustrine (BSB1: 41,190±210 cal BP) and fluvial 628 
(BSC3: 12,550±150 cal BP) units from Valsalada. The BSC3 pollen content was scarce with 629 
preservation of palynomorphs. 630 
Table I. Radiocarbon ages of charcoal samples from Valsalada morphosedimentary units. 631 
Calibrated ages have been obtained using the CalPal program and the Intcal04 curve, excepting 632 
the two dates from the Lacustrine Unit that have been obtained using the CalPal2001 curve. 633 
This paper presents new data (geomorphlogical, sedimentological, palynological and 
radiocarbon data) from the Late Quaternary geological record of the Central Ebro Basin, 
which is the northernmost semiarid region in Europe. Our results indicate that the 
studied archives correspond to a sequence of depositional environments (lacustrine, 
fluvial and alluvial-slope) in a saline wetland system. 
The palaeoenvironmental information derived from these data substantially improves 
the incomplete regional palaeoclimatic record for northeast Spain during the Late 
Pleistocene and Holocene. 
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Unit Sample UTM Coordinates (Longitude/Latitude)  Laboratory code 
Radiocarbon age 
yr BP 
Calibrated age 
2σ yr BP 
Lacustrine VS-04 30T0694543/4632246 UZ5236/ETH30926 37,050±550 41,190+210 
Lacustrine VS-06 30T0694544/4632242 UZ5526/ETH34410 36,170±730 40,160+920 
Fluvial VS-07 30T0694544/462242 UZ5527/ETH34411 12,330±90 14,360±220 
Fluvial VS-01 30T0695103/4631926 UZ5200/ETH30383 10,550±80 12,550±150 
Fluvial VS-05 30T0693806/4633050 UZ5310/ETH31865 5485±60 6290+70 
Fluvial VS-03 30T0694483/4632320 UZ5235/ETH30925 3225±50  3460±60 
Alluvial slope VS-02 30T0695315/4631787 UZ5201/ETH30384 1640±50  1540±80 
 
Table 1
